The incidence of stroke recurrence is still higher despite the advanced progression of therapeutic treatment and medical technology. Low intensity pulsed ultrasound (LIPUS) has been demonstrated to possess therapeutic effects on neuronal diseases and stroke via brain-derived neurotrophic factor (BDNF) induction. In this study, we hypothesized that LIPUS treatment possessed therapeutic benefits for the improvement of stroke recurrence. Adult male C57BL/6J mice were subjected to a middle cerebral artery occlusion (MCAO) surgery and then followed to secondary MCAO surgery as a stroke recurrence occurred after nine days from the first MCAO. LIPUS was administered continuously for nine days before secondary MCAO. LIPUS treatment not only decreased the mortality but also significantly moderated neuronal function injury including neurological score, motor activity, and brain pathological score in the recurrent stroke mice. Furthermore, the administration of LIPUS attenuated the apoptotic neuronal cells and increased Bax/Bcl-2 protein expression ratio and accelerated the expression of BDNF in the brain of the recurrent stroke mice. Taken together, these results demonstrate for the first time that LIPUS treatment arouses the expression of BDNF and possesses a therapeutic benefit for the improvement of stroke recurrence in a mouse model. The neuroprotective potential of LIPUS may provide a useful strategy for the prevention of a recurrent stroke.
Introduction
Stroke is the second leading cause of death and the third for disability. Globally, more than 30 million people had suffered the impacts of a stroke and associated disorders as reported in 2016 [1, 2] . For three out of four patients a stroke is the first event, while one in four patients can experience a recurrent stroke [3] . Despite the decreased incident rate of ischemic stroke [4] , the cumulative risk of stroke recurrence remains in need of a reduction. The recurrent events lead to a prolonged hospitalization, an elevated risk of morbidity and mortality, and the increased medical expenditure or burden [4] . Multi-factorial networks such as respiratory and cardiovascular disease [5, 6] , diabetes-associated disorders [7] as well as hyperlipidemia [8] potentially increase the risk of ischemic stroke and recurrence. Yamamoto and Bogousslavsky suggested that the coexistence of multiple etiologies plays a major role in stroke recurrence [9] . These complications of mechanisms appear to develop a potential therapeutic treatment or strategy for recurrent ischemic stroke.
Therapeutic ultrasound is commonly used in different medical or clinical areas including physical therapy [10] , diagnosis and prevention of diseases, and the enhancement capacity of drug delivery via non-thermal and thermal effects [11, 12] . Low-intensity pulsed ultrasound (LIPUS), a non-thermal type of therapeutically acoustic radiation, has been considered another choice for disease treatment such as in bone fracture healing [13] . The LIPUS procedure has been approved as a therapeutic model by the Food and Drug Administration [11] . Interestingly, LIPUS treatment has also been investigated and applied as a therapeutic treatment in the improvement of neuronal diseases or disorders in vitro and in vivo. Zhao et al. found that the protective effects of LIPUS treatment on the 1-Methyl-4-phenylpyridinium (MPP + )-induced neurotoxicity and mitochondrial dysfunction in PC12 cells [14] . Su et al. demonstrated that post-LIPUS treatment reduced brain edema and ameliorated the behavioral and pathological outcomes in a traumatic brain injury mice model [15] . Other investigators further demonstrated the importance of brain-derived neurotrophic factor (BDNF) induction after LIPUS treatment in neuronal injury models [16] [17] [18] [19] [20] [21] . Liu et al. also found the positive effects of LIPUS treatment on ischemic stroke via BDNF induction in rat models [22] . These findings have indicated the potential therapeutic benefit of LIPUS treatment for BDNF induction on the protection of neuronal diseases, like stroke.
In this study, we hypothesized that consecutive LIPUS treatment possessed ameliorated effects on stroke recurrence via BDNF induction. A middle cerebral artery occlusion (MCAO)-induced recurrent stroke mouse model was performed to assess the effects of LIPUS on neurological function, pathological change, neuronal cell apoptosis, and BDNF induction in the brain.
Results
In order to observe whether LIPUS treatment also ameliorated the neurological status of mice in a recurrent stroke condition, we first assessed the mortality and the changes in neuronal functions, which were performed by rotarod and locomotor activity tests. The parameters of LIPUS stimulation were performed as previously described [21] . As shown in Figure 1 , LIPUS treatment displayed a lower mortality rate ( Figure 1A ; death/survival rate: day 4: MCAO, 8/10, MCAO+LIPUS, 10/10; day 8: MCAO, 7/10, MCAO+LIPUS, 9/10; day 14: Recurrent-MCAO, 6/10, Recurrent-MCAO+LIPUS, 7/10; p = 0.017), attenuated neurological deficit scores ( Figure 1B ; Recurrent-MCAO, 1.86 ± 0.26, Recurrent-MCAO+LIPUS, 1.14 ± 0.14, n = 10, p < 0.05), increased the retention time in a motor equilibrium performance on the rotarod ( Figure 1C ; Recurrent-MCAO, 94.29 ± 26.12 s, Recurrent-MCAO+LIPUS, 169.01 ± 9.76 s, n = 10, p < 0.05) and improved the loss of activity ability detecting by total distance ( Figure 1D ; Recurrent-MCAO, 855.55 ± 204.33 mm, Recurrent-MCAO+LIPUS, 1360.86 ± 40.45 mm, n = 10, p < 0.05) and movement rate ( Figure 1E ; Recurrent-MCAO, 2.30 ± 0.98 mm, Recurrent-MCAO+LIPUS, 7.02 ± 0.65 mm, n = 10, p < 0.05) in a recurrent stroke mouse model as compared to sham control mice. Moreover, the histopathological detection showed that moderate to severe locally extensive neuronal necrosis and neuronal cell loss with neuropil vacuolation, and hemorrhage were obviously observed in the hippocampus and cortex, and thalamus areas of recurrent stroke mice (Figure 2A ). LIPUS administration conspicuously protected against these pathological changes (Figure 2A ,B; pathological score: Recurrent-MCAO, 2.35 ± 0.25, Recurrent-MCAO+LIPUS, 1.50 ± 0.29, n = 10, p < 0.05). Similarly, LIPUS treatment significantly counteracted the increased infarction volume in recurrent stroke mice ( Figure 2C ; Recurrent-MCAO, 20.58 ± 1.56, Recurrent-MCAO+LIPUS, 13.29 ± 0.97, n = 10, p < 0.05). These results suggest that LIPUS treatment is capable of improving the pathological change and neuronal dysfunction of MCAO recurrent stroke mice.
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Discussion
Based on etiology, acute ischemic stroke was classified into five subgroups using the Trial of ORG 10,172 in the Acute Stroke Treatment Stroke (TOAST) classification, including large-artery atherosclerosis, small vessel occlusion, cardioembolism, stroke of other determined etiology, and stroke of undetermined etiology [23] . Chung et al. showed that large-artery atherosclerosis was the most common stroke subtype (37.3%) where the middle cerebral artery was the most frequently involved territory (49.6%), and suggested that the data acquisition of the vascular territory in a stroke lesion could help in timely survey and accurate diagnosis of stroke etiology [24] . Kocaman et al. found that 91 out of 500 ischemic stroke patients (18%) had recurrent ischemic stroke, and the risk factors of hypertension, diabetes, ischemic heart disease, hyperlipidemia, atrial fibrillation, and smoking which were found in 88%, 43%, 36%, 30%, 11%, and 14% of the patients, respectively. They also found that 38% of patients had more than two risk factors [25] . Recently, Yang et al. have reported that a pulmonary arteriovenous malformation is an overlooked cause in a patient with recurrent ischemic stroke, and suggested that a strategic protocol for searching the etiologies of cryptogenic stroke is imperative [26] . Recurrent stroke is a major risk factor for death and makes up approximately 15-25% of all the stroke patients that occur annually in the entire world [3, 8] . Developing a new therapeutic window to improve the incidence rate of recurrent stroke is urgently needed. In the present study, the findings have demonstrated that LIPUS treatment arouses the expression of BDNF and possesses a therapeutic benefit for the alleviation of stroke recurrence in a mouse model. 
Based on etiology, acute ischemic stroke was classified into five subgroups using the Trial of ORG 10,172 in the Acute Stroke Treatment Stroke (TOAST) classification, including large-artery atherosclerosis, small vessel occlusion, cardioembolism, stroke of other determined etiology, and stroke of undetermined etiology [23] . Chung et al. showed that large-artery atherosclerosis was the most common stroke subtype (37.3%) where the middle cerebral artery was the most frequently involved territory (49.6%), and suggested that the data acquisition of the vascular territory in a stroke lesion could help in timely survey and accurate diagnosis of stroke etiology [24] . Kocaman et al. found that 91 out of 500 ischemic stroke patients (18%) had recurrent ischemic stroke, and the risk factors of hypertension, diabetes, ischemic heart disease, hyperlipidemia, atrial fibrillation, and smoking which were found in 88%, 43%, 36%, 30%, 11%, and 14% of the patients, respectively. They also found that 38% of patients had more than two risk factors [25] . Recently, Yang et al. have reported that a pulmonary arteriovenous malformation is an overlooked cause in a patient with recurrent ischemic stroke, and suggested that a strategic protocol for searching the etiologies of cryptogenic stroke is imperative [26] . Recurrent stroke is a major risk factor for death and makes up approximately 15-25% of all the stroke patients that occur annually in the entire world [3, 8] . Developing a new therapeutic window to improve the incidence rate of recurrent stroke is urgently needed. In the present study, the findings have demonstrated that LIPUS treatment arouses the expression of BDNF and possesses a therapeutic benefit for the alleviation of stroke recurrence in a mouse model.
The recurrent stroke animal model used in the current study was developed according to a previous study [27] with a slight modification. In our pilot test, we found that the lethal rate of mice was higher after MCAO treatment of more than 45 min and was harder to administer the subsequent LIPUS treatment and secondary MCAO (recurrence) surgical procedure. We, therefore, adjusted the cerebral artery occlusion duration for 30 min for two MCAO surgical procedures to avoid the heavy loading of mice. Moreover, the incidence rate of secondary stroke (recurrent stroke) has been reported to be approximately 10-20% within 90 days; some patients who have suffered an initial transient ischemic stroke may statistically display a higher risk of recurrence in the first two days after stroke [28] [29] [30] . Therefore, in the present study, the cerebral artery occlusion duration was 30 min for two MCAO procedures with a nine day interval between two MCAO procedures and the LIPUS treatment for nine days before the secondary MCAO procedure was considered to observe the best outcome in this recurrent stroke mouse model.
In the current study, we observed histopathological changes including locally extensive neuronal necrosis and neuronal cell loss with neuropil vacuolation and hemorrhage in the hippocampus, thalamus, and cortex areas of the recurrent stroke mice. As compared to our previous study [21] a hemorrhage was not observed in the hippocampus, thalamus, and cortex areas of the first ischemic stroke mouse model. Nevertheless, LIPUS effectively prevented these histopathological changes in the brains of first and recurrent stroke mice. Inflammation is known to play an important role in stroke events. A reduction in inflammation after stroke has been found to reduce brain ischemic injuries [31] . LIPUS treatment has also been shown to protect against ischemic injury in the brain via increased cerebral blood flow and decreased neutrophils [32] . Therefore, LIPUS may reduce the inflammatory response to alleviate brain ischemic injury in recurrent stroke mouse model.
We also observed increased TUNEL-positive cells in the hippocampus and cortex areas of recurrent stroke mice, indicating that apoptosis induction exists in neuronal cells. Cell apoptosis has been suggested to contribute to significant acute brain ischemia-induced neuron death, which apoptosis may initiate by some important molecular events in cells, including overproduction of free radicals, Ca 2+ overload, and excitotoxicity [33] . Moreover, Korsmeyer et al. have shown that a pre-set ratio of Bcl-2/Bax determines the survival or death of cells exposed to the stimulation of apoptosis [34] . In the current study, we found that LIPUS stimulation significantly reversed the decreased Bcl-2 protein expression and increased Bax protein expression in the brain tissues of recurrent stroke mice, indicating that the increased Bcl-2/Bax ratio by LIPUS stimulation alleviated neuronal cell apoptosis.
BDNF is known to be a neurotrophic protective factor, involved in the regulation of several critical neuronal functions and neuroplasticity in patients who suffer nervous system diseases such as Parkinson's disease, Alzheimer's disease, and stroke [35] [36] [37] . Several empirical studies have indicated the benefits of the increased expression of BDNF or receptor in different stages of stroke such as acute ischemic stroke, the rehabilitation process, and recurrence [37] [38] [39] [40] . The expression of BDNF has been demonstrated to have benefits on stroke recovery through several mechanisms and proposed actions including the increase in brain repair [7] , the acceleration of neurogenesis [41] , and the promotion of angiogenesis [42] . A previous study indicated that short-term memory impairment was closely associated with ischemia-induced apoptosis of hippocampal neuronal cells [43] . Liu et al. further indicated that neuronal cell proliferation and regeneration could be induced in the hippocampal dentate gyrus after transient global ischemia [44] . Neurogenesis has also been observed in the rat hippocampus after ischemic stroke [45] . Increased BDNF levels have been suggested to contribute to a compensatory response for neuronal regeneration in the rat brain after transient forebrain ischemia [46] . Previous in vivo studies have also indicated that LIPUS treatment can induce the expression of BDNF and alleviate Alzheimer's disease [17] and neuronal degeneration of stroke-induced brain injury [21] . Similar to these previous studies [17, 21] , we also observed that BDNF was obviously induced in the hippocampus CA1 and dentate gyrus areas after LIPUS treatment in a recurrent ischemic stroke mouse mode.
Chen et al. have recently found that LIPUS treatment mitigates LPS-induced memory impairment, repression of inflammation as well as BDNF decline in an Alzheimer's disease animal model via the modulation of TLR4/NF-κB signaling and CREB/BDNF expression [19] . LIPUS treatment has been shown to increase the expression of BDNF in astrocytes via the modulation of TrkB/PI3K/Akt and calcium/CaMK signaling pathways [18] . Our previous study also observed that LIPUS treatment effectively prevented the ischemia/reperfusion-induced cell apoptosis and injury in microglial cells via inducing BDNF protein expression [21] . However, the cellular sources of neuronal or non-neuronal cells (astrocyte and microglia) for BDNF observed changes in first and recurrent MCAO animal models with or without LIPUS stimulation requires further investigation in the future.
The efficacy of LIPUS on first ischemic stroke in a MCAO mouse model (one MCAO procedure) has been demonstrated in our previous study whereby LIPUS significantly ameliorates brain ischemic damage, displays a better neurological and behavior performance, decreases neuronal cell apoptosis, and upregulates brain BDNF expression [21] . Similarly, in the current study, we also found that LIPUS stimulation could effectively ameliorate neurological dysfunction and neuronal cell apoptosis through an upregulation of brain BDNF expression in a recurrent MCAO mouse model (two MCAO procedures). These findings suggest that LIPUS treatment not only ameliorates the neurological dysfunctions of a stroke (first event) but also alleviates stroke recurrence in a mouse model.
Materials and Methods

Animals and Middle Cerebral Artery Occlusion (MCAO) Recurrent Surgical Procedure
Six-week-old male C57 BL6J mice were obtained from the Animal Center, College of Medicine, National Taiwan University (Taipei, Taiwan). The Animal Research Committee of College of Medicine, National Taiwan University approved this animal study. The IACUC Approval Number is 20,180,385 (date of approval: 15th January 2019). During the experimental period, all experimental procedures and animal care were followed according to the guidelines of the Animal Research Committee of the College of Medicine, National Taiwan University and US-NIH for the welfare of the laboratory animals. Animals were humanely housed and fed in their cages at a constant temperature of 21 ± 2 • C and 12 h dark/light cycle. These animals were regarded for alleviation of suffering during surgery procedure. In this study, we completed a preliminary LIPUS parameters finding test (n = 3/group). Finally, considering 3Rs animal welfare, we used 10 male mice for each group and tested the therapeutic benefits of LIPUS in the formal experiments. Mice were randomly divided into four groups (n = 10), which were the Sham group, LIPUS treatment group, MCAO recurrence (R-MCAO) group, and MCAO recurrence combined LIPUS (R-MCAO+LIPUS) group. The MCAO procedure and recurrent operation were followed according to the previous studies by Hara et al. [47] and Qiao et al. [27] , respectively, with slight modification. Briefly, for the MCAO operation, mice were anaesthetized using 2% isoflurane (Sigma-Aldrich, St. Louis, MO, USA) and maintained at a body temperature of 37 ± 0.5 • C with a hot plate. During neck dissection, the neck carotid bifurcation was detected to identify the left carotid artery as well as the external carotid artery. A thread with 6-0-nylon was used to insert the incision into the external carotid artery stump to the origin of the middle cerebral artery and the filament tip, which was coated with ethyl cyanoacrylate polymer, and occluded the middle cerebral artery for 30 min. Cerebral blood flow was monitored by a laser doppler detector (PeriFlux 4001, Perimed, Stockholm, Sweden). When the cerebral blood flow was reduced to less than 50% of the pre-ischemic condition, it was considered a standard procedure known as the Longa's method [48] . For the recurrent stroke model, LIPUS treatment was applied for nine days after the first MCAO, and then a secondary MCAO surgical operation was carried out as the recurrent ischemic stroke procedure.
LIPUS Treatment
The setup of equipment and parameters for LIPUS were performed as previously described [21, 49] with slight modification. Briefly, 1 MHz frequency of a single-focused transducer (A392S, Panametrics, Waltham, MA, USA) with a diameter of 38 mm and a radius of curvature of 63.5 mm was used for LIPUS treatment. 50% duty cycle and a repetition frequency of 1 Hz were applied. The transducer directly targeted the cortical of brain in MCAO treated mice by using a stereotaxic apparatus under an anesthesia condition. The acoustic power was performed with a 0.51 W (reflecting a spatial-peak temporal-average intensity of 528 mW/cm 2 ) in the injured cortical areas 15 min daily for nine days before the secondary MCAO (recurrence) treatment. At the day of MCAO surgery and the next day, mice were resting and rehabilitated. All mice were assessed for their neurological functions, and then were necropsied for the detection of pathological changes on the final day.
Neurological Function Assessment
Neurological functions of MCAO recurrent stroke mice and control mice were estimated by the 4-point scale method, which was modified from Bederson's neurological scoring [50] , including 0: normal; 1, forelimb weakness and turn to the ipsilateral side when held by a tail; 2, circling to the contralateral side; 3, unable to bear weight on affected side; and 4, no spontaneous motor activity.
Locomotor Activity Evaluation
Locomotor activity was assessed in the specific-test boxes (9 × 20 × 11 cm) (Imetronic, Bordeaux, France) to evaluate the locomotor activity responses. Two lines of photocells in the boxes in which one was 2 cm above the floor to measure horizontal activity and the other was 6 cm above the floor to measure vertical activity (rears) with a low luminosity environment (5 lux). Mice were trained and stable in the testing box for 30 min before the formal experiment. The movement rate and total distance were recorded.
Assessment of Motor Equilibrium Performance on Rotarod
Motor equilibrium was assessed by a rotarod test as previously described [21] . Briefly, mice were trained for three days and tested through ten consecutive sections on the rotarod with a slow rotating speed (30 revolutions per min). When the cut off time point was reached (180 s), the retention time was recorded.
Infarct Volume Detection
Coronal slices of brain tissues were cut at 1-2 mm from the frontal tips. The sections were immersed in 2% 2,3,5-triphenyltetrazolium chloride at 37 • C for 20 min. The sections were then defined into areas, where areas that were not stained were considered as the infarction areas. The cerebral infarction areas were then calculated on the rostral and caudal surfaces of each section and the assessed infract volume was finally obtained and expressed as the percentage of the volume of the contralateral hemisphere. The measurement procedure was analyzed by the SigmaScan Pro 5.0 software (SPSS, Chicago, IL, USA).
Histopathological and Immunohistochemical Analysis
The brain tissues were isolated, fixed in the 10% formaldehyde buffer, and processed for the paraffin-embedded sections. Subsequently, 4-5 µm sections were stained by the hematoxylin and eosin (H&E) reagent. The degree of lesions were scored as previously described [51] . It was graded from one to five as follows: 1 = minimal (<1%); 2: slight (1-25%); 3 = moderate (26-50%); 4 = moderate/severe (51-75%); 5 = severe/high (76-100%). The pathological examination of brain tissues was performed by a veterinary pathologist with a blind test in the National Taiwan University College of Medicine Animal Center (Taipei, Taiwan). In addition, the immunohistochemical staining was performed as previously described [52] . Briefly, sections were deparaffinized and rehydrated by 95 to 50% ethanol and distilled water. The endogenous peroxidase activity was removed by the 3% hydrogen peroxide buffer and the non-specific antigen was blocked by the fetal bovine serum (FBS, 3%) after antigen retrieval. The primary antibody BDNF (Santa Cruz Biotechnology, Santa Cruz, CA, USA), Super Sensitive Polymer-HRP linker, 3,3 -diaminobenzidine tetrahydrochloride (DAB) detection system (BioGenex, CA, USA), and counter-stained agents (Sigma-Aldrich) were used.
Western Blotting
The brain tissues were dissected and homogenized in RIPA buffer (Sigma-Aldrich), pH 7.4. Equal amounts of total proteins were subjected to SDS-PAGE, transferred onto the PVDF membranes (Millipore Technology, Billerica, MA, USA), which were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich, USA), After blocking overnight, primary antibodies Bax, Bcl-2 (Cell Signal Technology, Danvers, MA, USA), BDNF, and β-actin (Santa Cruz Biotechnology) and the specificity secondary antibody were used. Finally, the membranes were detected by the chemiluminescence digital photo-image system (Thermo Fisher Scientific, Waltham, MA, USA) and digital quantification.
Fluorescent Terminal Deoxynucleotidyl Transferase (TdT) dUTP Nick End Labeling (TUNEL) Staining
Brain tissues were isolated and the paraffin-embedded sections were prepared. TUNEL staining was performed as previously described [53] . Briefly, 5 µm sections were heated for 30 min at 65 • C, the paraffin was removed in the xylene solution, and rehydrated in 90%, 75%, 50% ethanol for 5 min, respectively. After immersion in the distilled water and washing in the phosphate-buffer saline (PBS), the sections were stained by the Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling kit (TUNEL; Promega, Madison, WI, USA), and then the sections were stained by Hoechst 33,258 (1 mg/mL; Sigma-Aldrich) counter staining. The TUNEL-positive cells were directly counted in 10 randomly selected visual fields under 200× magnification.
Statistics
Data are presented as mean ± standard deviation (S.D.). The significant difference was analyzed by one-way analysis of variance (ANOVA) and followed by the Bonferroni's test. For the statistical analysis of survival, the Chi square Gehan-Breslow-Wilcoxon Test was used. The p value < 0.05 was considered a statistically significant difference.
Conclusions
This study has demonstrated for the first time that consecutive administration of LIPUS displays a benefit for recurrent stroke via BDNF induction. The findings of our previous study [21] and the present study suggest that LIPUS treatment not only improves the neuronal dysfunctions of the stroke (first event) but also ameliorates stroke recurrence in a mouse model. The induction of BDNF may play an important role in the improvement of stroke and its recurrence after LIPUS treatment. LIPUS administration may serve as a potential therapeutic strategy for ischemic stroke and its recurrence. 
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